ABSTRACT Rice Þelds are important sources of mosquitoes in many regions, and rice (Oryza spp.) growing practices can affect mosquito populations. Rice straw incorporation and winter ßooding have become common methods to prepare seedbeds, largely replacing burning of straw. These methods increase nutrients during the growing season. We sampled mosquito larvae during 1999 Ð2001 in 16 0.72-ha plots where straw was either burned or incorporated into soil after the previous growing season; these treatments were crossed with either winter ßooding or no winter ßooding. In 2000, all Þelds were drained mid-season for an application of herbicide, and then they were reßooded. Mosquitoes responded positively to straw incorporation and winter ßooding, especially in combination. The mid-season reßood in year 2 was associated with an order of magnitude increase in Culex tarsalis Coquillett larvae. Results conÞrm that rice straw and water management can strongly inßuence mosquito populations.
Rice (Oryza spp.) Þelds are major sources of mosquitoes in many areas of the world, including some southern and western areas of the United States. (Lacey and Lacey 1990) . Agricultural practices are known to have strong effects on mosquito populations (Lacey and Lacey 1990) . Recent changes in rice straw management from burning to on-site decomposition have increased nutrients in California rice Þelds (Eagle et al. 2000 Bird et al. 2003) , and such resources can beneÞt mosquitoes (Victor and Reuben 2000; Sanford et al. 2005 , and references therein). Field burning has been reduced dramatically to decrease smoke pollution, although up to 25% of Þelds are still burned to control plant disease. Most growers now disc straw into the Þelds, usually in combination with a winter ßood to aid decomposition (Brouder et al. 1996) . Many growers also use winter ßoods to support waterfowl Oring 1998, 2003) .
We used experimental rice Þelds to quantify how straw and winter ßooding affect mosquitoes. Rice straw was either disced into the soil or burned, which leaves low stubble and roots. These treatments were crossed with a winter ßood period or no winter ßood. Each method has different effects on carbon and nutrient ßuxes. Burning rice straw combusts much of the carbon and nitrogen, and it releases some nutrients. Incorporating straw into the soil leaves the most carbon and nutrients on site, with slow release as the straw decomposes. Winter ßooding increases decomposition of organic matter, changing nutrient availability (Fores and Christian 1993, Bird et al. 2003) .
Microorganisms may Þx nitrogen in ßooded Þelds, especially if straw is present (Kanugo et al. 1997) . Mosquitoes are likely to beneÞt from increases in algae and bacteria caused by the retained nutrients. Bird et al. (2003) provided data for our study site showing that straw incorporation and winter ßooding increased inorganic nitrogen. In 1999, treatment means (in kilograms per hectare Ϯ 1 SE) were burned ßooded, 11.8 Ϯ 1; disced-ßooded, 29.4 Ϯ 5.6; burneddry, 1.7 Ϯ 0.5; and disced-dry, 2.4 Ϯ 0.4.
The Þrst year of this study showed that mosquito populations increased in Þelds with straw residue, even though predatory insects also beneÞted from changes in rice straw management (Lawler and Dritz 2005) . Here, we report how rice straw residue and winter ßooding affected mosquitoes over our entire 3-yr study, which revealed additional effects of rice growing practices.
Materials and Methods
We used a preexisting straw management experiment in Maxwell, CA (see Eagle et al. 2001; Bird et al. 2001 Bird et al. , 2003 . We focused on two straw treatments, burning and discing, crossed with a winter ßooding period or no winter ßooding. Treatments were replicated in four 0.72-ha plots each, and the same method of rice straw management had been used on each plot for the previous 4 yr. Straw treatments were nested within eight blocks, four of which were winterßooded and four winter-dry.
Annual growing practices were as follows. Each year, Þelds were burned or disced to incorporate straw in late October. For the "ßood" treatment, winter ßooding occurred between November and early March. All plots were prepared for planting by discing and planing in late April or early May. Fields were fertilized and then ßooded in early May. Fertilizers were an initial application of NH 4 OH aqua ammonia followed by a starter fertilizer mix of 18 Ð 46 (NÐP) as diammonium phosphate (N and P 2 O 5 ). Amounts varied slightly among years: NH 4 OH varied between 18.7 and 22 kg/ha and starter fertilizer varied from 25.1 to 25.7 kg/ha. Rice was water-seeded in mid-to late May. Insecticides were not used, but various herbicides were used during the Þrst month after ßooding. Herbicide applications usually involved draining the Þelds to expose the weeds, so we were not able to sample mosquitoes in parts of May and June. In 2000, there was a late, 1 July application of the herbicide propanil (l kg/ha [AI] with 0.12 liter/ha crop oil concentrate) that required Þelds to be drained (thus removing most invertebrates). There were also late applications of propanil on 1 and 9 July 2001. These applications were conducted with the water left Ϸ25 cm in depth. We omitted the Þrst samples in July 2000 and 2001 because exploratory dip and sweep-net samples of several plots showed that there were few, if any, air-breathing aquatic insects present.
On each sampling date, we collected mosquito larvae by taking 50 dips with a 350-ml mosquito-dipper along two sides of each Þeld (100 dips in total). Dips were poured through Þne netting to concentrate the sample (mesh size 0.3 mm 2 ). In 1999, we took dip samples weekly for 5 wk beginning in late May, and every 2 wk thereafter. In 2000 and 2001, samples were collected at Ϸ5Ð10-d intervals between mid-June until late August or early September when Þelds were drained. Larvae were preserved in 70% alcohol and enumerated in the laboratory.
Abundance data were log transformed before analysis, and all data were analyzed using SYSTAT (Systat for Windows 11.0, Systat Software 2004). Data analysis was complicated by the combination of a split-plot design with repeated measures. Because it was difÞ-cult to account for both design features in one analysis, we performed a repeated-measures analysis of variance (RANOVA) on total mosquito numbers for each plot in 1999, 2000, and 2001 to test main effects of ßooding, rice straw, and their interaction. In addition we performed a split-plot analysis of variance (ANOVA) on summed mosquito abundances for all three years, as a more conservative check on the RANOVA. The split-plot ANOVA is conservative because plots within blocks are not treated as independent. Because the overall analyses showed signiÞcant effects, we performed split-plot ANOVAs within years to test whether effects were signiÞcant each year by using this more conservative approach. For the RANOVA, the P values did not need correction for lack of compound symmetry in the data matrix.
One date in 2000 was an outlier: we collected an order of magnitude more larvae on 12 July than on any other date. Fields had been drained and reÞlled shortly before 12 July, and this process may have promoted mosquito oviposition and survival (see Discussion). We performed RANOVAs both excluding and including this date. We excluded the outlier date from the split-plot ANOVAs, because in this analysis, temporal variance is not partitioned from treatment effects and the additional variance tended to obscure results.
Because our 1999 work indicated that ßooding, straw, or the combination also beneÞted predators and competitors of mosquitoes (Lawler and Dritz 2005) , we tested whether treatments affected the ratio of mosquitoes maturing. We performed a repeated-measures analysis on the proportion of mosquitoes maturing by calculating the ratio of all mosquitoes collected in the Þrst and second instar to all fourth instars and pupae within 2000 and 2001, excluding the outlier date in 2000 (instars were not recorded in 1999). Data were arcsine square-root transformed. We also performed a repeated-measures analysis on summed abundances of fourth instars and pupae.
Results
Winter ßooding and straw incorporation combined to increase larval mosquitoes ( Fig. 1; Table 1 ). There was also a main effect of ßooding in the RANOVAs and a main effect of straw in all analyses (Table 1) . Mosquito numbers varied by year, as would be expected by natural variation and the different numbers of samples taken (Table 1 ). There were no signiÞcant year by treatment interactions, suggesting that effects were fairly consistent between years (all P Ͼ 0.3).
The highest abundance of mosquitoes occurred on 12 July 2000, the "outlier" date (Fig. 2) . This collection occurred after Þelds were completely drained for a 1 July application of the herbicide propanil with crop oil and then reÞlled beginning 3 July. This was the only time during our study that Þelds were drained this late in the season. Samples from this date showed high variance, but they were not at odds with other results showing positive effects of straw (Fig. 3) .
There were no signiÞcant treatment effects on proportions of mosquitoes maturing in 2000 and 2001, indicating that the greater numbers of larvae in some treatments should translate into greater numbers of adults. This was further bolstered by trends in the data toward positive effects of straw and winter ßooding on the abundance of fourth instars and pupae (RANOVA straw effect: F ϭ 4.09; df ϭ 1, 11; P ϭ 0.07; and ßooding effect: F ϭ 3.33; df ϭ 1, 11; P ϭ 0.09).
In all years, we collected the most mosquitoes from Þelds where winter ßooding followed discing straw into the soil, although effects of ßooding and the interaction were not signiÞcant within years (Fig. 1) . Within-year split-plot ANOVAs showed signiÞcant effects of straw in 1999 (F ϭ 7.709; df ϭ 1, 6; P ϭ 0.039) and 2000 (F ϭ 22.605; df ϭ 1, 6; P ϭ 0.003) and a weak trend toward an effect of straw in 2001 (F ϭ 2.84; df ϭ 1, 6; P ϭ 0.14). The split-plot ANOVAs on individual years are lower power than the RANOVA, because they contain fewer data points and because replication is lower for the ßood treatment and interaction.
Most of the mosquitoes collected were Culex tarsalis Coquillett. Abundances of Cx. tarsalis peaked in July of each year, exceeding 0.1 larvae per dip, which some mosquito control agencies use as a threshold for mosquito abatement (Fig. 2) . Anopheles freeborni Aitken occurred in mid-August of each year. Anopheles larvae increased in abundance until Þelds were drained, but they never became abundant enough to warrant separate analysis. In 1999, our last sample was taken 20 August, by which time only a few An. freeborni had occurred. Cx. tarsalis constituted 85% of mosquitoes in 2000 and 93% in 2001; during these years sampling went through 31 August and 6 September, respectively.
Discussion
Mosquitoes beneÞted from the combination of incorporating rice straw and winter ßooding, with increases due to straw evident within most years and across years, and an increase due to ßooding across years. These Þndings conÞrm and extend our prior work showing that residual straw beneÞts mosquitoes (Lawler and Dritz 2005) . Data from all years were necessary to demonstrate the interaction and the winter ßood effects statistically, because of the low replication of the main plot treatment (winter ßooding).
Mosquitoes may indirectly beneÞt from increased nitrogen levels associated with residual straw, winter ßooding, or the combination (Bird et al. 2003) . Flooding increases edible algae (Lawler and Dritz 2005) , an important resource for mosquito larvae. Mosquitoes also consume Þne particles of detritus, so a greater availability of Þne particles from decomposing straw also could help explain the interaction between straw and winter ßooding. A few studies have shown that organic and inorganic fertilizers can increase mosquito populations in rice (Victor and Reuben 2000, Sunish and Reuben 2001) , but this is the Þrst study to link straw management practices to mosquito abundances.
Insects that potentially eat or compete with mosquito larvae also beneÞt from rice straw and winter ßooding (Lawler and Dritz 2005) . However, an increase in predators does not seem to compensate for the additional mosquito production in some treatments. We found no differences among treatments in the proportion of mosquitoes maturing, and trends in numbers of fourth instars and pupae showed the same positive effects of straw and winter ßooding as overall mosquito abundances. Therefore, our work demonstrates that residual straw and winter ßooding can interact to enhance mosquito production in rice Þelds.
Most of the mosquitoes collected were Cx. tarsalis. This mosquito is a major vector of several viruses that cause encephalitis in California, including St. Louis virus and Western Equine Encephalomyelitis virus (Bohart and Washino 1978) , and it is a very competent vector of West Nile virus (Goddard et al. 2002) . Worldwide, rice Þelds provide habitat for 140 species Fig. 1 . Mean abundances Ϯ 1 SE of mosquitoes collected from Maxwell, CA, rice Þelds that were subjected to different straw management and winter ßooding treatments before the growing season. Flood, Þelds were ßooded in winter; dry, winter dry; burn, straw was burned in fall, and disc, straw was disced into Þelds in fall. (AÐC) Numbers of mosquitoes collected from May or June through August or September in 1999Ð2001. One date in 2000 was an outlier and was excluded from the total for that year. of mosquitoes, many of which carry diseases of humans, livestock, and wildlife (Lacey and Lacey 1990) . Although mosquitoes do not always attain high densities in rice, the enormous spatial extent of rice Þelds can nonetheless make them a signiÞcant source of mosquitoes (Lacey and Lacey 1990) . The effects of straw residue and winter ßooding caused mosquito abundances to exceed mosquito abatement treatment thresholds for our study area (Fig. 2) . Mosquito problems could require greater attention in regions where residual straw is decomposed on-site via ßooding. On-site straw decomposition has other advantages and disadvantages. It does not produce particulate air pollution like burning and also can reduce fertilizer costs to the grower . Reßooding rice Þelds in winter helps to support migratory waterfowl Oring 1998, 2003) . However, in addition to mosquito problems, straw decomposition via ßood-ing can produce methane, a greenhouse gas (Bouwman 1991; Chareonsilp et al. 2000; Sethunathan et al. 2000; Wassmann et al. 2000a,b) . It also requires more labor and fuel than burning.
Our work also highlights the risk of draining and reßooding rice Þelds. Mosquitoes became an order of magnitude more abundant on 12 July 2000, after the study site was reßooded following an herbicide application. The spike was likely caused by high numbers of breeding mosquitoes from surrounding rice Þelds that coincided with a loss of predators and greater attractiveness of the newly ßooded Þelds to ovipositing females. Cx. tarsalis populations typically peak in July in this area of California (Bohart and Washino 1978) . Newly ßooded sites and new organic infusions are more attractive to ovipositing Cx. tarsalis mosquitoes (Beehler and Mulla 1993, 1995) . Such Þelds typically contain fewer and smaller predators than Þelds ßooded for longer durations. Some mosquitoes preferentially lay eggs in waters lacking predator cues (Blaustein et al. 2004) . Intermittent ßooding of rice Þelds has been used successfully to control mosquitoes, by timing dry periods to disrupt mosquito development (Kamimura 1998) . However, this strategy must be used carefully because dry periods disrupt predator communities and encourage mosquito oviposition, potentially leading to mosquito outbreaks if irrigations cannot be adequately controlled (Mogi 1993 , Rajendran et al. 1995 , Mutero et al. 2000 . Our example indicates that mosquito control agencies would beneÞt from communicating with growers about whether they plan to drain and reÞll Þelds. 3 . Mean abundances Ϯ SE of mosquito larvae collected on 12 July 2000 from Maxwell, CA, rice Þelds that were subjected to different straw management and winter ßooding treatments before the growing season. Mosquitoes were unusually numerous on this date. Flood, Þelds were ßooded in winter; dry, winter dry; burn, straw was burned in fall; and disc, straw was disced into Þelds in fall.
